This study examines the pattern of opsin nucleotide and amino acid substitution among mimetic species 'rings' of Heliconius butterflies that are characterized by divergent wing colour patterns. A long wavelength opsin gene, OPS1, was sequenced from each of seven species of Heliconius and one species of Dryas (Lepidoptera: Nymphalidae). A parsimony analysis of OPS1 nucleotide and amino acid sequences resulted in a phylogeny that was consistent with that presented by Brower & Egan in 1997, which was based on mitochondrial cytochrome oxidase I and II as well as nuclear wingless genes. Nodes in the OPS1 phylogeny were well supported by bootstrap analysis and decay indices. An analysis of specific sites within the gene indicates that the accumulation of amino acid substitutions has occurred independently of the morphological diversification of Heliconius wing colour patterns. Amino acid substitutions were examined with respect to their location within the opsin protein and their possible interactions with the chromophore and the G-protein. Of the 15 amino acid substitutions identified among the eight species, one nonconservative replacement (A226Q) was identified in a position that may be involved in binding with the Gprotein.
INTRODUCTION
system for testing hypotheses of micro-and macroThe butterfly genus Heliconius (Lepidoptera: Nymphevolution (Turner, 1971; Benson, 1972; Turner, 1981; alidae) is well known for its classic examples of mimGilbert, 1983; Brower, 1994b; McMillan, Jiggins & icry, in which distantly-related species display wing Mallet, 1997) . patterns that are nearly indistinguishable to the casual Relatively little is known about vision in Heliconius observer. The bright coloration of these butterflies despite the longstanding importance of the genus in advertises the presence of toxins to potential predators butterfly behavioral ecological and evolutionary stud- (Brower, Brower & Collins, 1963; Nahrstedt & Davis, ies. Electrophysiology studies on H. erato, H. numata, 1981) , and the convergence of wing colour and pattern and H. sara have suggested that these species have between unpalatable species is often cited as an arthree spectral types of photoreceptor cells with max in chetypal example of Mü llerian mimicry. The enormous the ranges of 370-390 nm, 450-470 nm, and diversity, rapid morphological evolution, and patterns 550-570 nm (Struwe, 1972a,b) . In addition, a number of behavioral and neurophysiological experiments have been performed to determine the relationship between wing colour and colour preference. Some studies in-butterfly with yellow bands on its wings, exhibited the et al. (1995) proposed a model for blue spectral shifts in vertebrate visual pigments using comparative strongest preference for yellow hues. However, these studies focus on only two species, and a general corsequence analysis, which was later confirmed experimentally through site-directed mutagenesis and relation between peak spectral sensitivity, at the level of the individual photoreceptor cell or at higher levels resonance Raman spectroscopy (Lin et al., 1998) . Amino acid residues potentially involved in wavelength of visual processing, and wing colour has not been established conclusively.
regulation have also been identified in freshwater crayfishes (Crandall & Cronin, 1997 ). Because vision is crucial for survival and, in particular, the detection of conspecifics and mates, we Four putative LW opsin genes have been characterized to date in the butterfly Papilio glaucus, idendecided to examine the patterns of amino acid substitution in an opsin gene in eight species that have tified as PglRh1, PglRh2, PglRh3, and PglRh4 (Briscoe, 1998) . In this study, we have cloned a LW opsin in undergone rapid shifts in wing colour usage. Most evolutionary change in Heliconius wing colour has Heliconius, which we have named OPS1. After generating a phylogenetic hypothesis based on OPS1 mooccurred in the yellow to red portions of the spectrum (475-700 nm) (Swihart, 1967) , which is in the long lecular characters and evaluating the data for congruence with other Heliconius cladograms genwavelength (LW) region. In addition, the colour variation in the wing patterns of the Heliconius species erated from wingless, COI and COII ( Fig. 1 ) (Brower, 1994a; Brower & Egan, 1997) data, comparative used in this study is primarily in the LW region. We therefore focused on cloning a LW-sensitive opsin to sequence analysis was used to identify residues that are potentially involved in spectral tuning and/or other examine whether or not there was any correlation between changes in wing colour and the pattern of regulatory aspects of the visual system. Additional comparisons were made with sites that may be involved opsin amino acid evolution. If there were spectral tuning in relation to wing colour, we might expect in LW spectral tuning in other organisms, such as convergent evolution of opsins in butterflies with micrayfish (Crandall & Cronin, 1997) (Wald, 1968) . Opsins are members of the large family of Gomic DNA extracts from Dr. Andrew Brower, Oregon State University, Corvallis (Table 1) . protein-coupled receptors. This family is characterized by seven -helical transmembrane domains, which in After being sexed with a dissecting scope, butterflies were frozen in liquid nitrogen and stored at −80°C. opsins form a barrel around a central binding pocket for the chromophore. Interactions between amino acid Genomic DNA (gDNA) was extracted from whole abdomens of all individuals. Approximately 100 g of side chains and the chromophore within this pocket are primarily responsible for spectral tuning (for reabdominal tissue was homogenized in 400 l of 50 mM Tris-Cl (pH 8.0/2% SDS) and digested with 2 l of Proview, see Sakmar, 1998) . In the first step of the biochemical visual cascade that occurs in a photoreceptor, teinase K. After incubating overnight at 37°C, 100 l of saturated NaCl was added and the solution was a photon of light is absorbed by the chromophore, which then isomerizes and causes a conformational placed on ice for 35 minutes. The cellular debris was eliminated in a centrifuge spun for 15 minutes at change in the associated opsin. This change leads to the activation of the heterotrimeric G protein transducin, 13 000 rpm and 4°C, and DNA was ethanol precipitated. which triggers a biochemical cascade that eventually results in release of neurotransmitter (Nathans, 1987) .
In some instances, complementary DNA (cDNA) was synthesized in addition to gDNA in order to verify Comparative sequence analysis makes use of a phylogenetic hypothesis upon which amino acid subthat the opsin locus was being transcribed and to supplement the data set. Head tissue RNA from two stitutions potentially associated with shifts in maximum sensitivity ( max ) can be mapped (Yokoyama & available species, H. melpomene and H. erato, was extracted with Trizol, and cDNA was then synthesized Yokoyama, 1990; Chang et al., 1995; Yokoyama, 1995) . This method identifies naturally occurring subwith either SuperScript RNase H-Reverse Transcriptase (GibcoBRL) with a polyT adapter primer or stitutions whose phenotypic expression can be tested using site-directed mutagenesis. For example, Chang the Marathon cDNA Amplification kit (Clontech). 1′ at 94°C, 30′′ at 55°C, and 1′ at 68°C] , and 10′ at using a polymerase chain reaction (PCR) from each 68°C was the most successful at amplifying opsins. species with Taq DNA polymerase (Qiagen, Inc.) and
The PCR products were purified using a QIAquick the degenerate primers 80 and OPSRD (Fig. 2 , Table  PCR purification kit (Qiagen, Inc.). Most PCR products 2). In order to obtain sequence for the five remaining were not easy to sequence directly, and these were transmembrane domains, this initial fragment was cloned into a pCR2.1-TOPO plasmid (TOPO TA cloning then used to design a gene-specific reverse primer, or Original TA Cloning, Invitrogen). After EcoRI di-5'RACE Rh1 (Fig. 2, Table 2 ), which was paired with gestion and screening for inserts, the targeted plasmids a degenerate forward primer, LWFD (Fig. 2 
5′-TGG TTA CAA TAG GGC TGA-3′ Briscoe, 1998 OPSRD * 5′-CCR TAN ACR ATN GGR TTR TA- 3′ Chang et al., 1996 on an ABI 370A DNA automated fluorescent cycle DATA MATRIX AND PHYLOGENETIC ANALYSIS sequencing machine (Applied Biosystems). In almost Amino acid and nucleotide sequences were viewed all cases, two or more independent PCR products were in SeqEd 1.0.3 (Applied Biosystems, 1992). Coding cloned and sequenced in both directions. Primers that regions were strictly conserved and were aligned by were also used for amplification were also used for eye, but introns showed greater variation and were sequencing. In addition, multiple PCR products were aligned using ClustalW (Thompson, Higgins & Gibson, directly sequenced in all cases in order to verify the 1994). Exhaustive searches using maximum parsequences from cloned products and to check for Taq simony were performed on OPS1 data sets with a test DNA polymerase error. Electrophenograms generated version of PAUP * 4.0.0d62 (Swofford, 1998) . A step by automated sequencing were imported into Sematrix of amino acid substitutions constructed from a quencher 3.0 (Gene Codes Corp., 1995) for manual larger data set of G protein-coupled receptors (Rice, editing. Ambiguous sites were resolved by comparison 1994) was employed as a weighting scheme in order across electrophenograms within a species. Contigs to take into account the unequal probabilities of state changes among amino acids of different classes. Parwere then assembled automatically in Sequencher 3.0.
simony analysis with the nucleotide data was un-(5.3%) variable amino acid residues (Table 3) . Third codon positions showed the highest variability, with weighted. To establish the robustness of the tree topologies, bootstrap searches were performed with 61 informative sites compared to 16 in the first position and 6 in the second. The data also showed a higher 10 000 replicates and 10 heuristic searches per replicate. The heuristic search parameters included tree proportion of synonymous than nonsynonymous substitutions, but both proportions were relatively low bisection-reconnection (TBR) with MULPARS and steepest descent invoked.
throughout the data set, never exceeding 0.025 (nonsynonymous) or 0.239 (synonymous) between any two A phylogenetic analysis was also performed on the OPS1 amino acid sequences combined with opsin sespecies. quences from 28 other invertebrates. A heuristic search of 100 replicates using TBR was employed, again with PHYLOGENETIC ANALYSIS MULPARS and steepest descent invoked. The same profile was used for the bootstrap analysis, with 100
Phylogenetic analysis was performed on the nucleotide replicates and 10 additions per replicate. Due to the sequences to infer the relatedness of the species. A large size of the data matrix, uninformative characters heuristic maximum parsimony search with 10 000 repwere excluded from the bootstrap calculations. The licates (unweighted) of the coding region only (852 amino acid step matrix (Rice, 1994) was employed basepairs) yielded three most parsimonious trees, in both the parsimony and the bootstrap analyses.
which included all three possible resolutions of the Phylogenetic trees and amino acid changes were bootstrap consensus tree (Fig. 3) . These trees were viewed in MacClade 3.0 (Maddison & Maddison, 1993) , each 96 steps in length. The consensus tree separated and pairwise divergences between species were calHeliconius into an erato-hewitsoni-sara-sapho clade culated using MEGA 1.01 (Kumar, Tamura & Nei, and a melpomene-pachinus-cydno clade that were well 1993).
supported (bootstrap values=98% and 100%, decay indices=7 and >10). The data fit the trees very well, as indicated by a consistency index of 0.906 and a RESULTS retention index of 0.907. An exhaustive parsimony search was also performed Molecular sequence was collected for a 1612 basepair on the nucleotide data matrix with the inclusion of region of the LW opsin OPS1, including coding and introns (1612 basepairs), with gaps in H. erato and H. non-coding regions as well as gaps. The data matrix melpomene treated as missing information. This search used in the coding region analysis consisted of 284 yielded three most parsimonious trees of 495 steps amino acid characters and 852 basepairs across all each, and the consensus retained the same topology eight species (Appendix 1). Full-length (1612 baseas the tree generated from coding regions only (Fig. pairs) genomic sequences were collected for all species 3). Overall, the genomic tree was more robust than except for H. erato and H. melpomene, in which nucthe coding region tree, with 100% bootstrap values leotides 1-153, 1107-1612 (H. erato) and 1-173, 1107-(10 000 heuristic search replications, 10 random taxon 1612 (H. melpomene) could not be amplified from our additions per replicate) and >10 decay indices. The sample of genomic DNA. Information in these regions genomic data also fit the tree better, with a consistency was obtained from the cDNA sequences, which showed index of 0.945 and a retention index of 0.913. The complete identity and were therefore combined with erato-hewitsoni-sara-sapho clade was not as well supthe gDNA. The 5′ and 3′ primer sites were excluded ported, however, with a bootstrap value of 73% and a from all matrices. decay index of 3. Six introns were found within the gene region charIn order to ensure that the missing introns in H. acterized, all of which began with the nucleotides GT erato and H. melpomene did not affect the inferred and ended with AG. The splice sites of the introns phylogeny, the analysis was repeated on a reduced were conserved in all eight species except for D. iulia, data set (933 basepairs) in which the missing regions which was missing the first intron, and H. erato and had been trimmed in all species. This analysis re-H. melpomene, in which genomic information was not covered the identical consensus topology as the full available for the regions containing the first, fifth, and genomic matrix, with bootstrap values within 3%. sixth introns. The six introns ranged in size from 75
In addition, an exhaustive maximum parsimony to 176 basepairs, occurring after amino acid positions search was performed on the coding region using amino 0, 40, 200, and 237 and interrupting amino acids 79 acid sequences (284 amino acids), which resulted in and 150 (Fig. 2 , and Appendix 1, numbered according one most parsimonious tree that was consistent with to the H. cydno coding region).
the nucleotide analyses (Fig. 4) . The identical tree In addition, the coding region of OPS1 was found to topology was recovered both with and without a step be highly conserved within the eight species, with only 83 of 852 (9.7%) variable nucleotides and 15 of 284 matrix (Rice, 1994) . The resolution of the melpomene- Figure 3. 50% consensus trees produced by maximum parsimony analysis on nucleotide data without (left) and with (right) introns using an unweighted exhaustive search. The tree shown to the right was generated using the full genomic nucleotide matrix with missing introns treated as missing information. Bootstrap values shown above branches (10 000 heuristic search replicates, 10 additions per replicate), decay indices given below. Trees rooted using D. iulia.
pachinus-cydno and the erato-hewitsoni-sara-sapho
clades was again well supported with bootstrap values Fifteen amino acid residues were variable within the (10 000 replications) of 100% and 95% and decay incoding region sequenced in OPS1, six of which were dices of >10 and 6, respectively. All nodes within the located in one of the transmembrane domains (Table  two clades were unresolved, but the consistency and 4, Fig. 5 ). Three of these six, A62F (A→F at amino retention indices were both 1.000. acid 62), G133F, and L189F, were substitutions from A final phylogenetic analysis was performed on the small amino acids to the larger phenyalanine. All three OPS1 amino acid data set combined with known UV, involve nonpolar residues and are not at sites likely to blue, blue-green, and LW opsins from 28 other inface the chromophore binding pocket (Baldwin, 1993) . vertebrates obtained from the GenBank database (see When mapped onto the cladogram of the species, none Appendix 2 for accession numbers). A maximum parof the fifteen substitutions within the gene exhibited simony bootstrap heuristic search (100 replications, convergence between species (either according to mi-10 additions per replicate) and weighted with a step metic patterns or otherwise); all informative rematrix (Rice, 1994) produced a single most parplacements followed phylogenetic lines (Table 4) . simonious tree with a length of 1894 steps (Fig. 4) . With uninformative characters excluded, the consistency index was 0.641 and the retention index was well. Within the tree, the eight OPS1 sequences clustered in a monophyletic group with a bootstrap Because opsins constitute a multi-gene family, in sequencing opsins from multiple species several steps value of 100%. 
were taken to ensure that the cloned opsin genes were an examination of the intron splice sites from the available genomic data indicated that at least three of orthologous, that is descended from the same ancestral gene, and not paralogous, or descended from duplicated the introns sites are strictly conserved in OPS1.
Comparisons were also made with other opsins in ancestral genes. First, gene-specific primers were carefully designed from preliminary PCR products that order to support the classification of OPS1 as a LW opsin. In examining intron sites in relation to those had been cloned and sequenced. Second, the sequences generated from OPS1 were combined with other infound in invertebrate opsins, none of the six OPS1 sites corresponded to the intron positions in UV-and vertebrate opsins in a phylogenetic analysis. The eight OPS1 sequences formed a well-supported monoblue-sensitive visual pigments (Briscoe, 1999) . However, the data set showed that the number and position phyletic group within the tree (bootstrap value= 100%), which provided strong evidence that the Helof the OPS1 introns were identical to those in PglRh3, the only putative LW opsin fully characterized geniconius and Dryas sequences are from the same gene. In addition, the sequences were highly conserved omically from butterflies (Briscoe, 1999) . PglRh1, PglRh2, and PglRh4, the three other putative LW within the species, and the relatively low levels of substitution suggested orthology (Tables 3, 4) . Finally, opsins characterized in Papilio glaucus (Briscoe, 2000) , have only one intron identified to date, which corresponds to the sixth intron in OPS1. An examination of amino acid residues that are highly conserved among opsins was also useful in classifying OPS1. The Glu-113 residue known to act as the stabilizing counterion to the protonated Schiff's base in bovine rhodopsin (Sakmar, Franke & Khorana, 1989; Zhukovsky & Oprian, 1989; Nathans, 1990; Zhukovsky, Robinson & Oprian, 1992) was present in OPS1 as Tyr-87 (Fig. 5) . The glutamine at this site is conserved in all vertebrate opsins, but all invertebrate opsins except the UV share a tyrosine at that site (Chang et al., 1995 parsimony analysis on amino acid data (coding regions only) using an exhaustive search. Weighted using an short wavelengths (Chang, 1995) . butterfly (Kitamoto et al., 1998; Briscoe, 1998 Briscoe, , 2000 (Fig. 6) . The conserved introns between the genes and 
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they subjected to the same selective forces (e.g. predation) Heliconius as a group ranges from the United States which drive mimetic evolution (Mallet & Gilbert, 1995) . to Argentina, but most species are confined to the Until recently, the phylogenetic classification of Helmoist tropics (DeVries, 1987) . Of the eight species used iconius has been based on morphological, behavioral, in this study, H. hewitsoni and H. pachinus are Central and cytological characters (Michener, 1942; Emsley, American endemics. Like all Heliconius species, their 1973; summarized in Brown, 1981) . Because of the hostplants are members of the diverse tropical genus high degree of polymorphism within species and the convergence among distantly related species, resolving Passiflora (Passifloraceae). The taxa are sample spe-the systematics of these taxa has been challenging.
and wingless data shows that slight discrepancies may exist between cladograms generated from mitoThe first phylogenetic study to combine morphological chondrial and nuclear genes, most likely due to higher and molecular data involved a restriction analysis of rates of evolution in mitochondrial DNA (Brown, ribosomal RNA (rRNA) genes; the molecular data was George & Wilson, 1979; Harrison, 1989) . As a result, largely uninformative and their cladogram was mostly unless the substitutions are saturated, mitochondrial supported by morphological characters (Lee et al., genes may yield higher resolution than nuclear genes 1992). More recent and comprehensive analyses of (Brower & DeSalle, 1998) . The collapsed melpomeneHeliconius have used molecular characters of mitopachinus-cydno node may also be due to the small chondrial (COI and COII ) (Brower, 1994a) and nuclear number of species investigated. Autapomorphic sub-(wingless) genes (Brower & Egan, 1997) (Fig. 1) . These stitutions could potentially become phylogenetically were the first extensive systematic studies of Helinformative with the inclusion of more species, thus iconius species based on molecular data. Brower & giving more resolution in the tree. Egan's hypothesis generally corroborates morphological studies (see Brown, 1981; Penz, 1999) with respect to the two major clades of Heliconius considered PATTERNS OF AMINO ACID SUBSTITUTION in the present study. Collectively, these studies strongly support the independent evolution of wing
The physical structure of the rhodopsin protein has patterns in the co-mimics under investigation, thus been recently visualized using crystallography (Palrevealing instances of striking convergence in wingczewski et al., 2000) , and the inferred structure has pattern morphology.
been extensively studied in vertebrates (reviewed in OPS1 produced a cladogram for Heliconius that was Nathans, 1990, and Yokoyama & Yokoyama, 1996) . It consistent with Brower & Egan's (1997) analysis using is known that substitutions within the transmembrane mitochondrial COI and II and nuclear wingless genes.
domains which face the binding pocket may affect the This indicates that the genealogical lineage of OPS1 opsin-chromophore interaction. Based on models of matches the species lineage in Heliconius. The nucbovine rhodopsin (Hargrave et al., 1983 ; Baldwin, leotide data yielded a cladogram that strongly sup-1993), the approximate location of OPS1 substitutions ported the monophyly of the two clades, which Brower within the protein could be determined through homo-& Egan refer to as the erato-sara-sapho (combined) logy (see Chang et al., 1995, for an alignment of verclade and the melpomene-cydno clade (Fig. 1) . The tebrate and invertebrate opsin sequences). Six amino division into two clades separates the mimetic pairs acid replacements were located in one of the seven and corroborates the independent evolution of the wing transmembrane domains (Fig. 5) , but all six were in patterns (Brown, 1981; Lee et al., 1992; Brower, 1994a) .
areas of the helices that face away from the chroWithin the erato-sara-sapho clade, H. sara and H. mophore binding pocket, as determined from the bosapho were grouped as most closely related species, in vine rhodopsin model. concordance with Brower & Egan (1997) . The topology None of the amino acid residues in the transis robust, as indicated by high bootstrap values and membrane domains involved a change in amino acid decay indices (Fig. 3) . The phylogeny produced using side chain polarity, which can affect the absorption amino acid data also strongly supported the division spectra of the visual pigment (Merbs & Nathans, 1993; of the two clades.
Sun, Macke & Nathan, 1997). In addition, no subThe inclusion of the intron data in the nucleotide stitutions were homologous with any of the sites analysis generally increased the robustness of the tree thought to be responsible for LW spectral shifts in (raising both bootstrap values and decay indices), but crayfish, humans, or New World monkeys (data not the melpomene-cydno clade was still unresolved. Simshown). ilarly, Brower & Egan (1997) also found this clade to However, comparisons with vertebrate opsins can be problematic. Brower & Egan's analyses used a data be problematic, as invertebrate opsins are known to matrix that included two H. cydno samples (one from differ somewhat both structurally and functionally Ecuador and one from Costa Rica). In the separate (Autrum, 1979; Britt et al., 1993; Townson et al., 1998) . mitochondrial and nuclear phylogenies (Brower, In this light, it may be worth noting that the three 1994a; Brower & Egan, 1997) , these two samples of replacements within the transmembrane domains (res-H. cydno were polyphyletic. Only the tree from the idues 62, 133, and 189) were from alanine, glycine, combined data set recovered them as a monophyletic and leucine, all of which have very small side chains, group.
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